INTRODUCTION
============

Telomeres are the DNA--protein complex structure at the eukaryotic linear chromosomal ends, which are essential for chromosomal complete replication and genome stability ([@gkr757-B1]). Telomeres are featured by tandem repeats of G-rich sequence running from 5′ to 3′ toward the chromosomal ends. In budding yeast *Saccharomyces cerevisiae*, two kinds of repetitive telomere-associated sequences, X and Y′ elements are present at subtelomeric region. X element is a heterogeneous sequence found at virtually all telomeres ([@gkr757-B2]). Y′ element is found in one to four tandem copies, immediately internal to the TG~1--3~ repeats, on about two-thirds of yeast telomeres ([@gkr757-B3],[@gkr757-B4]). Telomeres are elongated by a specialized reverse transcriptase, telomerase ([@gkr757-B5]). Yeast telomerase consists of the template-containing RNA subunit Tlc1, protein catalytic subunit Est2 and two regulatory subunits Est1 and Est3 ([@gkr757-B6],[@gkr757-B7]). *In vivo*, telomeres are subjected to replication-coupled shortening and telomerase-mediated elongation, and thus maintained within a particular length range of 350 ± 75 bp. Telomere integrity is essential for cell proliferation and survival. Telomere shortening to a critical point may trigger checkpoint activation and cell-cycle arrest, and result in cellular senescence.

Previous genome-wide screenings for telomere length maintenance genes (TLM genes) have revealed ∼270 candidate genes including the known telomerase components ([@gkr757-B8; @gkr757-B9; @gkr757-B10]). These genes are associated with several different cellular processes, including DNA and RNA metabolism, chromatin modification and transcription. Notably, the identified TLM genes include 10 genes that encode components of the Mediator complex.

Mediator complex is a multi-subunit transcriptional regulator ([@gkr757-B11; @gkr757-B12; @gkr757-B13; @gkr757-B14]). Yeast Mediator complex consists of 25 subunits which form four sub-complexes, named head, middle, tail and CDK modules ([@gkr757-B15; @gkr757-B16; @gkr757-B17]). Mediator mainly functions as a bridge and conveys the regulatory information from promoter-bound regulatory proteins (such as activators or repressors) to the RNA polymerase II-containing transcription machinery ([@gkr757-B18]). The head and middle modules are in contact with RNA polymerase II ([@gkr757-B19; @gkr757-B20; @gkr757-B21]), and the tail module is thought to be the recruitment module because it recognizes and binds to multiple activators ([@gkr757-B22; @gkr757-B23; @gkr757-B24; @gkr757-B25]), while the CDK module is associated with negative regulation of a subset of genes ([@gkr757-B26]). The different subunits of Mediator seem to play either negative or positive roles in telomere length regulation, while interestingly, mutation of subunits within the same modules shows similar trend of telomere length change ([@gkr757-B8],[@gkr757-B9]), suggesting that the molecular mechanism by which Mediator affects telomere replication is complicated.

Eukaryotic genome is organized into domains of euchromatin and heterochromatin that are transcriptionally active or repressed, respectively. In *S. cerevisiae*, heterochromatin is restricted to three domains, telomeres, *HM* mating loci (*HML* and *HMR*) and the rRNA-encoding DNA (rDNA) region ([@gkr757-B27]). The heterochromatic telomeres can repress the expression of adjacent genes, a phenomenon called telomere position effect (TPE) ([@gkr757-B28]). Heterochromatin formation at yeast telomeres is initiated by the TG~1--3~ sequence-specific binding protein Rap1 (Repressor/activator protein 1) ([@gkr757-B29]). Rap1 can recruit one of the silent information regulators (Sir proteins), Sir4, independent of the other Sir proteins, Sir2 and Sir3 ([@gkr757-B29; @gkr757-B30; @gkr757-B31]). Sir4 then recruits Sir3 and Sir2 through protein--protein interactions ([@gkr757-B29],[@gkr757-B32; @gkr757-B33; @gkr757-B34; @gkr757-B35; @gkr757-B36]). Sir2 is a NAD-dependent histone deacetylase that can deacetylate H4K16 and to a less extent H3K9 and K14 ([@gkr757-B37],[@gkr757-B38]). Deacetylation by Sir2 may cause compaction of chromatin and initiates a cascade in which more Sir3 and Sir4 are recruited by interacting with hypoacetylated N-terminus of H4 and then more Sir2 binding and histone deacetylation occur ([@gkr757-B39; @gkr757-B40; @gkr757-B41]).

Before identified as components of Mediator complex, transcription factors Gal11 (Med15) and Hrs1 (Med3) have been reported to affect TPE, and deletion of either *MED15* or *MED3* caused reduced telomere silencing ([@gkr757-B42],[@gkr757-B43]). Both Med15 and Med3 were later proved to be subunits of Mediator complex and components of the tail module ([@gkr757-B11],[@gkr757-B44]). Given that lack of certain Mediator subunit causes telomere length change ([@gkr757-B8],[@gkr757-B9]), we hypothesize that the effect of Mediator on telomere maintenance could be direct. In this work, we report that Mediator tail module appears to be required for maintaining telomeric heterochromatin and telomere silencing. Deletion of tail subunits can cause reduced Sir protein binding which results in elevated acetylation of H4K16 and compromised silencing of telomeres. Our results reveal a specific role for Mediator complex other than its canonical function in transcriptional regulation.

MATERIALS AND METHODS
=====================

Yeast strains and plasmids
--------------------------

The Mediator mutants are from a collection of *S. cerevisiae* systematic deletion strains from EUROSCARF (Frankfurt, Germany) in which each open reading frame has been replaced with the KanMX4 module that confers resistance to G418. These strains are in the BY4741 background (MATa *his3Δ leu2Δ met15Δ ura3Δ*). The isogenic strain BY4742 (MAT*α his3Δ leu2Δ lys2Δ ura3Δ*) was used for genetic analysis. All the yeast strains used in this work are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1). Yeast strains were constructed either by transformation with a lithium acetate procedure or by genetic cross (mating and tetrad dissection). The plasmids for gene deletion were constructed based on the pRS series ([@gkr757-B45]), and polymerase chain reaction (PCR)-based 13Myc-tagging of proteins was based on the plasmid pFA6a-13Myc-HIS3MX6 ([@gkr757-B46]).

Telomere Southern blot
----------------------

Genomic DNA was extracted and digested with Pst I and then subjected to telomere Southern blot as described previously using the TG~1--3~ probe ([@gkr757-B47]). Telomere length was quantified with Multi Gauge V3.0 software (Fujifilm).

TPE assay
---------

Yeast strains were cultured in YPD medium at 30°C overnight and suspended in sterile water at a concentration of OD~600~ ∼0.3, and serial dilutions were plated onto Yeast Complete (YC) medium with or without 0.15% 5-FOA. Plates were incubated at 30°C for 2 days and photographed.

Quantitative real-time-PCR
--------------------------

Cells from 4-ml fresh cultures (OD~600~ ∼0.7) were harvested and digested with Zymolyase 20 T (MP Biomedicals, LLC) to obtain spheroblasts. RNA was extracted with RNeasy mini kit (Qiagen) and DNA was digested on-column with RNase-free DNase (Qiagen). One microgram RNA was used as template for the reverse transcription of 20 µl cDNA. Gene expression level was analyzed by real-time PCR and normalized to that of *ACT1*. The wild-type value is arbitrarily set to 1. At least three biological replicas were done for all the mRNA analysis and statistical analyses were calculated using Student\'s *t*-test (\**P* \< 0.05 and \*\**P* \< 0.01).

Chromatin immunoprecipitation assay
-----------------------------------

Chromatin immunoprecipitation (ChIP) assay was performed as described previously except some small modifications ([@gkr757-B48]). Fifty-milliliter fresh culture in YPD media (OD~600~ ∼ 0.7) was crosslinked with formaldehyde for 20 min and quenched with glycine for 5 min. Cells were harvested and washed with cold TBS and lysis buffer. Cells were suspended in 500 µl lysis buffer \[50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF) and with Roche complete\] and beaded to remove cell walls. Sonication was then performed six times for 15 s at high power (320 W) with 15-s intervals on Bioruptor (Diagenode). After sonication, samples were centrifuged for 20 min at 13 200 rpm at 4°C, and the supernatant was recovered as cell extracts (CE). Ten microliters of bovine serum albumin (BSA; 25 µg/µl) and 1--2-µg antibodies were added to 400 µl CE. After incubation on a rotator at 4°C for 4 h, 20 µl protein G Sepharose beads (GE healthcare) was added and IPs were carried out overnight at 4°C on a rotator. Beads were washed twice with 0.5 ml lysis buffer, twice with 0.5 ml wash buffer 1 (lysis buffer with 0.5 M NaCl), twice with 0.5 ml wash buffer 2 \[10 mM Tris (pH 8), 0.25 M LiCl, 0.025% SDS, 0.5% dodium deoxycholate and 1 mM EDTA) for 4 min on a rotator at room temperature and finally rinsed once in 0.5 ml TE buffer (10 mM Tris pH 8, 1 mM EDTA), removing all supernatant. To reverse the bead--antibody interaction, beads were eluted in 150 µl TE-SDS 1% for 30 min at 65°C. Part of the eluate (10 µl) was analyzed by western blot to determine IP efficiencies. Reversal of the crosslinks was performed in a final volume of 120 µl of TE-SDS 1%. In parallel, 5 µl of CE was processed similarly as the input DNA. Samples were incubated for 8 h at 65°C and protein was digested by adding 10 µl proteinase K (20 µg/µl) and 110 µl TE buffer for 2 h at 37°C. DNA was purified with Qiaquick PCR purification kit (Qiagen), and eluted in 120 µl EB buffer. ChIP results were analyzed by Real-time PCR (Tiangen Realmaster kit, Eppendorf realplex). Each pair of primers was tested for linear range and amplification efficiency. For ChIP of Myc-tagged proteins (Mediator subunits or Sir proteins), binding ratio is normalized to an isogenic no-tag control strain without Myc-tagging, and for that of H4K16 acetylation, normalization is against the H4K16R mutant strain which has no acetylation at this site ([Figure 3](#gkr757-F3){ref-type="fig"}A). In ChIP assay of H4, an isogenic wild-type strain treated with anti-Myc antibody is used as the 'no-tag' control for normalization. For binding of Mediator, an internal control was included which is located in the *POL1* gene which has little Mediator binding ([@gkr757-B48]), while for that of Sir proteins, H4K16 acetylation and H4, *ACT1* was used where Sir binds little and H4K16 acetylation or H4 level is relatively stable. The ChIP of Myc-tagged Mediator in temperature-sensitive *rap1-2* mutants were similar except several differences at the beginning: after growing at 25°C to mid-log phase in fresh YPD medium, the cells were shift to 37°C and cultured for 1.5 h or stayed at 25°C as control. The crosslinking and quenching steps were kept at 37°C or 25°C, respectively, before harvesting cells for the following processes. All the ChIP assays were performed for at least three independent repeats and the statistical significances were indicated. Sequences of primers used in this work are available upon request.

Chromatin extraction
--------------------

Cells in 50 ml YPD cultures (OD~600~ ∼0.5) were harvested and washed successively with 20 ml phosphate-buffered saline (PBS) and 5 ml Zymolyase buffer (50 mM Tris pH 7.5, 10 mM MgCl~2~, 1 M Sorbitol), and suspended in 300 µl Zymolyase buffer containing Zymolyase at a final concentration of 10 µg/µl. Cells were incubated at 30°C with rotation for 90 min to obtain spheroblasts. Spheroblasts were collected by centrifuged for 5 min at 2000*g* at 4°C and washed twice with 1 ml Zymolyase buffer. Spheroblasts were then suspended in 500 µl EBX buffer (20 mM Tris pH 7.4, 100 mM NaCl, 0.25% Triton X-100, 5 mM DTT, 50 mM Na-butyrate and protease inhibitors) with 0.5% Triton X-100 to lyse the outer cell membrane. Samples were kept on ice for 10 min with gentle mixing and then layered on top of 1 ml NIB buffer (20 mM Tris pH 7.4, 100 mM NaCl, 1.2 M sucrose, 5 mM DTT, 50 mM Na-butyrate and protease inhibitors) and centrifuged for 15 min at 13 000*g* at 4°C. The glassy white pellets were suspended in 500-µl EBX buffer with 1% Triton X-100 to lyse the nuclear membrane. Samples were kept on ice for 10 min with gentle mixing. Chromatin was obtained by centrifuging for 10 min at 16 000 *g* at 4°C. Chromatin was then washed for three times with 1 ml EBX buffer and finally suspended in appropriate volume of PBS. Samples were incubated at 100°C for 5 min and centrifuged at top speed for 5 min. The supernatant was used for SDS-PAGE and western blot analysis.

Western blot
------------

Chromatin extracted from different strains were separated on 18% SDS--polylyacrylamide gel electrophoresis (PAGE) gels and transferred to nitrocellulose membrane (Whatman). Amounts of chromatin were normalized with antibody against histone H4 (ab10158, Abcam), and acetylation of H4K16 was detected with antibody specifically against this modification (39929, Active motif).

RESULTS
=======

Yeast Mediator complex is involved in telomere length regulation
----------------------------------------------------------------

Med18 and Med20 of the head module, Med1 and Med5 of the middle module, Med3 and Med15 of the tail module and all four subunits (Cdk8, CycC, Med12 and Med13) of the CDK module were previously identified as telomere length regulator in genome-wide screenings for telomere length maintenance genes ([@gkr757-B8],[@gkr757-B9]). To further characterize the role of Mediator in telomere length regulation, we examined telomere length in all the 15 viable Mediator mutants using telomere-specific Southern blot assay. Deletion of subunits of the head or tail module caused modest telomere shortening, and deletion of the CDK-module subunits resulted in telomere lengthening, while mutation of the middle-module subunits had only marginal effect on telomere length ([Figure 1](#gkr757-F1){ref-type="fig"}A). Overall, these results are consistent with those reported in the large-scale screenings ([@gkr757-B8],[@gkr757-B9]). Since disruption of different modules causes distinct telomere length phenotype, we then characterized the epistasis among head, tail and CDK modules by analyzing telomere length in double mutants of *med20Δmed2Δ* (head/tail), *med16Δmed2Δ* (tail/tail, as a control), *cdk8Δmed2Δ* (CDK/tail) and *cdk8Δmed20Δ* (CDK/head). Interestingly, the CDK/head or CDK/tail double mutants exhibited shorter telomeres as the head or tail single mutants ([Figure 1](#gkr757-F1){ref-type="fig"}B), suggesting that the CDK module functions upstream of the head or tail module. The head/tail double mutants displayed shorter telomeres as the head or tail single mutants ([Figure 1](#gkr757-F1){ref-type="fig"}B), suggesting that the head and tail modules regulate telomere length in one genetic pathway. Figure 1.Mediator is involved in telomere length regulation. (**A**) The telomere length of all 15 viable Mediator mutants was examined by telomere Southern blot. The telomere lengths of the tested strains were quantified and the changes of telomere length compared with wild-type strain were indicated at the bottom of the corresponding lanes. (**B**) Telomere length of double mutants of different modules was monitored as in (A). (**C**) Expression of genes encoding telomerase components in Mediator mutants was detected by qRT-PCR. Statistical analyses in this study were calculated using Student\'s *t*-test (\**P* \< 0.05 and \*\**P* \< 0.01). (**D**) Telomere length analysis of the Mediator mutants overexpressing *TLC1* with the *CEN* plasmid pRS316-*TLC1*. V: vector (pRS316), T: Tlc1 (pRS316-*TLC1*). The telomere length changes indicated at the bottom denote the differences between the mean values of two clones with or without *TLC1* overexpression respectively.

Because Mediator is a transcription regulator, it is possible that Mediator affects transcription of telomerase components or other telomere length maintenance genes. However, genome-wide expression profile previously shown by Holstege group revealed that deletion of Mediator subunits does not affect the expression of the well-known telomere-related genes ([@gkr757-B49]). To verify the results of the genomics study ([@gkr757-B49]), we re-examined the expression levels of telomerase components (Est1, Est2, Est3 and Tlc1) and some other telomere binding factors (Cdc13, Rap1, Ku70, Ku80, Rif1 and Rif2) by real-time fluorescent quantitative PCR (qRT-PCR) in Mediator mutants ([@gkr757-B50; @gkr757-B51; @gkr757-B52; @gkr757-B53]). Only Tlc1 expression was modestly downregulated in the head and tail mutants with short telomeres, including *med20Δ*, *med2Δ* and *med15Δ* ([Figure 1](#gkr757-F1){ref-type="fig"}C, [Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1) and [S1B](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1); and data not shown). It was reported that the abundance of Tlc1 is essential for maintaining telomere length ([@gkr757-B54]), and deficiency in Tlc1 level in some mutants, such as Paf1C (polymerase II-associated factor complex) mutants, can cause shortened telomere which can be rescued by overexpression of Tlc1 ([@gkr757-B55]). To determine whether the lower expression of Tlc1 in Mediator mutants accounts for the shorter telomeres, we overexpressed Tlc1 with the *CEN* plasmid pRS316-*TLC1* and analyzed the telomere length in the mutants. Unexpectedly, overexpression of *TLC1* could not rescue the shorter telomeres in either tail- or head-module mutants, although overexpression of *TLC1* partially restored the telomere length in Paf1C mutants, the *leo1Δ* and *cdc73Δ* mutants ([@gkr757-B55]) ([Figure 1](#gkr757-F1){ref-type="fig"}D). Therefore, less Tlc1 expression is unlikely a major cause of shorter telomeres seen in Mediator head and tail mutants. Telomere length is the combinational outcome of regulations of telomerase activity, telomere protection and/or telomere structure. There should be some other factors or pathways functioning in conjunction with Mediator in the telomere length regulation (see 'Discussion' section).

Mediator tail subunits are required for telomeric silencing and functions through Sir pathway
---------------------------------------------------------------------------------------------

Med3 and Med15 have been reported to affect telomere structure ([@gkr757-B42],[@gkr757-B43]). To investigate whether the other subunits of Mediator complex are also involved, we examined telomere position effect by dotting assay in the 14 viable Mediator mutants ([Figure 2](#gkr757-F2){ref-type="fig"}A). The non-essential *MED19* gene of head module was not included because of severely slow growth of the *med19Δ* mutant. All the Mediator mutants were constructed in the UTΔU background as previously described by Gottschling *et al*. ([@gkr757-B28]): a *URA3* reporter gene was inserted at chromosome VII left end, adjacent to the telomere repeat sequence. The modified telomere bears a *URA3* gene inserted between telomeric TG~1-3~ repeats and *ADH4* gene, and ∼15 kb sequence that contains an X element on the chromosome from the telomere end to part of the open reading frame of *ADH4* gene is deleted. TPE was assessed by detecting expression of telomeric *URA3* gene, whose product can convert 5-FOA into a toxic compound and cause reduced cell viability. In wild-type cells, *URA3* gene is efficiently silenced which confers resistance to 5-FOA. Deletion of Sir2 disrupts telomeric heterochromatin and thus the *sir2Δ* mutant is sensitive to 5-FOA and serves as a positive control. For all the 14 mutants, *med2Δ*, *med3Δ* and *med15Δ* mutants of tail module showed great reduction of telomere silencing, while the other mutants exhibited a comparable TPE level to wild-type cells ([Figure 2](#gkr757-F2){ref-type="fig"}A), suggesting that these Mediator tail subunits are important for telomere silencing. Figure 2.Mediator tail module is required for telomere position effect and acts through Sir2. (**A**) Telomere position effect (TPE) of 14 Mediator mutants. Cells were grown in YPD and diluted to the same concentration. Five-fold serial dilutions of each strain were spotted to YC plates with or without 0.15% 5-FOA as indicated. (**B**) The expression of telomeric *URA3* (*TEL::URA3*) reporter gene detected by qRT-PCR, and normalized to that of *ACT1* gene. (**C**) TPE of Mediator single mutants and double mutants of Mediator and *SIR2*. (**D**) qRT-PCR results of expression of double mutants of Mediator and *SIR2*.

Recent study argues that 5-FOA sensitivity dose not fully reflect the true silencing state in some mutants ([@gkr757-B56]). The metabolic changes caused by the drug may partially account for the phenotype. We then validated the TPE phenotype by analyzing the expression of telomeric *URA3* gene with qRT-PCR assay. Expression of *URA3* gene is significantly elevated in the Mediator tail mutants (*med2Δ*, *med3Δ* and *med15Δ*), but not in other module mutants (*med20Δ*, *med5Δ* and *cdk8Δ*) ([Figure 2](#gkr757-F2){ref-type="fig"}B). This result consistently indicates that these Mediator tail subunits are required for telomere heterochromatin structure maintenance. To exclude the possibility that Mediator affects the basal transcription of *URA3* gene, we integrated the *URA3* reporter gene at a euchromatic *TRK2* gene locus, and examined its expression in both wild-type and the Mediator mutants. The mRNA level of *URA3* was not changed significantly upon disruption of Mediator subunits ([Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)).

At telomeres, heterochromatin forms in a Sir-dependent manner. Double deletion of Mediator and *SIR2* phenocopied *sir2Δ* single mutation ([Figure 2](#gkr757-F2){ref-type="fig"}C and D), indicating that Mediator affects TPE through *SIR* pathway. qRT-PCR assay revealed that the expression of the major players in heterochromatin formation, like Rap1 and Sir2-4, was not affected in Mediator mutants ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)). The expression of other telomere factors, including Ku70/80 and Rif1/2, changed little, either ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)).

H4K16 acetylation is increased in Mediator tail mutants
-------------------------------------------------------

Hypoacetylation is a key feature of heterochromatin ([@gkr757-B57; @gkr757-B58; @gkr757-B59]). We detected the level of acetylated H4K16 in Mediator mutants using antibodies against acetylated H4K16. The specificity of the antibody is verified by western blot ([Figure 3](#gkr757-F3){ref-type="fig"}A). Mutation of H4K16 to arginine (R) abolished acetylation at this site and the antibody recognized no acetylation signal in this mutant. Telomeric H4K16 acetylation is monitored by ChIP assay. The primers were designed to detect H4K16 acetylation at different distances from the telomere end, from 0.2 to 5 kb on the modified telomere VIIL (m7L) in UTΔU strain ([Figure 3](#gkr757-F3){ref-type="fig"}B). In wild-type cells, acetylation of H4K16 is absent at the telomere end, and increases at the regions toward the centromere. In *sir2Δ* mutant, the acetylation level of H4K16 at telomere VIIL is significantly elevated. Accordingly, in Mediator tail mutants, the telomeric H4K16 acetylation is upregulated ([Figure 3](#gkr757-F3){ref-type="fig"}C). As a control, the abundance of histone H4 on this telomere is also examined by ChIP and no significant change of H4 level is observed in the tested Mediator mutants ([Figure 3](#gkr757-F3){ref-type="fig"}D). Figure 3.H4K16 acetylation increases and Sir2 binding is reduced at modified telomere VIIL in Mediator tail mutants. (**A**) Specificity of anti-H4K16Ac antibody was verified. Chromatin of wild-type and H4K16R mutant cells was extracted and subjected to western blot. (**B**) Schematic diagram of the modified telomere VIIL (m7L) and the locations of primers used in ChIP assay. (**C**) ChIP results of H4K16 acetylation level on telomere m7L. The wild-type value at the most distal locus (m7L-1) is arbitrarily set to 1 where the acetylation level is supposed to be the lowest. The statistical significances of difference in H4K16 acetylation between mutants and wild-type cells are provided (\**P* \< 0.05 and \*\**P* \< 0.01). (**D**) H4 level is detected by ChIP assay. The wild-type value at m7L-1 is set to 1. (**E**) Binding of 13Myc-tagged Sir2 on m7L was detected by ChIP assay using anti-Myc antibody.

Mediator tail subunits affect Sir2 binding at telomeres
-------------------------------------------------------

At telomeres, histone deacetylase Sir2 and acetyltransferase Sas2 have opposing roles in regulating heterochromatin spreading ([@gkr757-B60]). Sir2 deacetylates H4K16 and the hypoacetylation promotes spreading of heterochromatin. Sas2 is the catalytic subunit of SAS-I histone acetyltransferase complex which comprises two additional subunits Sas4 and Sas5. Sas2 acetylates H4K16 and facilitates the formation of a barrier against Sir binding and heterochromatin spreading ([@gkr757-B60],[@gkr757-B61]). The counteracting of these two proteins forms a gradient of H4K16 at telomeres and establishes equilibrium between spreading of heterochromatin and euchromatin. The elevated acetylation of H4K16 on telomere may be caused by lost equilibrium between Sir2 and Sas2 at telomere region. To test this, we detected Sas2\'s telomeric binding in Mediator mutants by ChIP assay, and surprisingly no significant binding of Sas2 was detected in either wild-type or Mediator mutants (data not shown) ([@gkr757-B62]), suggesting that the elevated H4K16 acetylation may not be a result of increased Sas2 activity at telomeres. qRT-PCR assay showed that in Mediator tail mutants, expression of *SAS2*, *SAS4* or *SAS5* was comparable to that in wild-type cells ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)). This result argued against the possibility that deletion of Mediator tail subunits upregulates transcription of SAS-I components to increase H4K16 acetylation. In addition, deletion of Mediator subunits had no effect on the global acetylation of H4K16 revealed by analyzing the total chromatin by western blot ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)).

To examine whether Mediator affects Sir proteins' binding on telomeres, we performed ChIP assay with anti-Myc monoclonal antibody in wild-type strain and the Mediator mutants that express 13Myc-tagged Sir2. In wild-type cells, Sir2 bound abundantly at the position of 0.2 kb on modified telomere VIIL, and tended to bind less with increasing distance from telomere end, and its binding extended to about 5 kb ([Figure 3](#gkr757-F3){ref-type="fig"}E). Deletion of the tail subunits, Med2, Med3 and Med15, but not Med20 of the head module, caused reduced Sir2 binding at the telomere end, and Sir2 protein could hardly spread to over 1 kb ([Figure 3](#gkr757-F3){ref-type="fig"}E). This result was consistent with the reduced TPE in these mutants ([Figure 2](#gkr757-F2){ref-type="fig"}A and B). Interestingly, the *med16Δ* mutant, which exhibited no telomere silencing defect in 5-FOA assay ([Figure 2](#gkr757-F2){ref-type="fig"}A), also showed a significant reduction of Sir2 binding at the modified telomere VIIL, similar to the other three tail-module mutants ([Figure 3](#gkr757-F3){ref-type="fig"}E), suggesting that every subunit in the tail module is important for the maintenance of telomere heterochromatin structure. Consistently, telomere binding of Sir3 and Sir4 showed the same pattern as that of Sir2 in Mediator tail mutants ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1) and [S3B](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)). Thus, the tail module of Mediator is required for telomere heterochromatin maintenance.

The recent study by Takahashi *et al*. ([@gkr757-B63]) pointed out that a modified telomere could differ from a natural one. We then examined the association of 13Myc-tagged Sir2 with natural telomeres VIIL, VIR and IIIR in wild-type and Mediator mutant strains ([@gkr757-B64],[@gkr757-B65]) ([Figure 4](#gkr757-F4){ref-type="fig"}A--C). The natural telomere VIIL (n7L) contains a ∼0.75 kb X element adjacent to the TG~1-3~ repeats at the chromosome end ([Figure 4](#gkr757-F4){ref-type="fig"}A). The designed primers map to a region from ∼0.8 to ∼4.5 kb from the end of n7L. Telomere VIR is one of the most strongly silenced telomeres bearing a X element but not Y' elements ([@gkr757-B64]) ([Figure 4](#gkr757-F4){ref-type="fig"}B). Telomere IIIR is another silenced telomere ([@gkr757-B65]) ([Figure 4](#gkr757-F4){ref-type="fig"}C). The ChIP results showed that Sir2 binding was reduced in Mediator tail mutants at these natural telomeres ([Figure 4](#gkr757-F4){ref-type="fig"}A--C). These results supported a role of Mediator in promoting or stabilizing Sir protein binding and spreading on telomeres. Figure 4.Sir2 binding on native telomeres is decreased. (**A--C**) ChIP assays detecting Sir2 binding on native telomeres VIIL (n7L) (A), VIR (6R) (B) and IIIR (3R) (C). Primers mapped to each telomere are indicated on the top schematic diagrams.

Mediator complex localizes at telomeres independently of Sir2 or Rap1
---------------------------------------------------------------------

Mediator appears to play roles in both telomere length and telomere structure regulation. To investigate whether Mediator complex affects telomeres directly, we tagged five subunits of Mediator, including Med20 of the head module, Med5 of the middle module, Med2 and Med3 of the tail module and CycC of the CDK module, with 13Myc epitope respectively, and performed ChIP assay. The ChIP results revealed that all the tested Mediator subunits interacted with the modified telomere VIIL directly ([Figure 5](#gkr757-F5){ref-type="fig"}A). The binding ratio of Mediator decreased with the increase of the distance from the telomere end, and reached to background-level at 5-kb region ([Figure 5](#gkr757-F5){ref-type="fig"}A). We also observed a direct association of Mediator with two natural telomeres VIR and IIIR ([Figure 5](#gkr757-F5){ref-type="fig"}B). Because the modified telomere VIIL and native telomeres VIR and IIIR are all silenced, we wondered whether the Sir proteins on these telomeres are required for the binding of Mediator. Deletion of *SIR2* did not cause dissociation of Mediator with telomeres ([Figure 5](#gkr757-F5){ref-type="fig"}C), indicating that Mediator association with telomeres is independent of Sir2 or the silencing state of telomeres. Figure 5.Mediator is associated with both modified and natural telomeres independently of Sir2 or Rap1. (**A**) Binding of 13Myc-tagged Mediator subunits on telomere m7L. The LEU1 locus serves as a negative control where little Mediator binds ([@gkr757-B48]). (**B**) Binding of Mediator on native telomeres 3R and 6R. (**C**) Binding of Mediator on telomeres m7L, 3R and 6R in *sir2Δ* strains. (**D**) Telomeric binding of Mediator subunits Med2 and Med3 in *RAP1* or *rap1-2* strains at 23°C or 37°C were detected by ChIP assay. (**E--G**) ChIP results of Mediator binding in wild-type, *med20Δ* or *med15Δ* cells on telomeres m7L (E), 3R (F) and 6R (G).

Both Sir proteins and Rap1 are the most abundant components of telomere heterochromatin. Besides a specific role on telomere, Rap1 binds to the upstream-activating-sequence (UAS) of many genes, including ribosomal protein genes, the MAT*α* genes and several glycolytic enzyme genes, and functions as a transcription activator or repressor which plays either positive or negative roles in transcriptional regulation in different context respectively ([@gkr757-B66],[@gkr757-B67]). Thus, it is tempting to speculate that Rap1 might be responsible for recruiting Mediator to telomeres. Since Rap1 is encoded by an essential gene, we used a temperature-sensitive allele *rap1-2* (A458T), which harbors a point mutation in the DNA-binding domain, to assess whether Rap1 is essential for Mediator\'s telomeric binding. The DNA-binding activity of Rap1-2 protein is severely compromised at a restrictive temperature of 37°C ([@gkr757-B68]). At the permissive temperature of 25°C, Mediator subunits Med2 and Med3 bind robustly at telomeres IIIR and VIR in both *RAP1* and *rap1-2* cells ([Figure 5](#gkr757-F5){ref-type="fig"}D). At the nonpermissive temperature of 37°C, the binding ratio of Mediator subunits at these telomeres in *rap1-2* mutant is comparable to that in *RAP1* strain ([Figure 5](#gkr757-F5){ref-type="fig"}D). These results suggest that Rap1 is not responsible for telomere recruitment of Mediator.

The association of Mediator complex to telomeres is bridged by the tail module
------------------------------------------------------------------------------

To address which module in Mediator complex is responsible for its interaction with telomeres, we performed ChIP assay in *med20Δ* (head subunit) or *med15Δ* (tail subunit) strains. Deletion of *MED*20 has little effect on chromosomal VIIL, VIR and IIIL telomere binding of either Med2 and Med3 of tail module, or Med5 of middle module. In striking contrast, deletion of *MED15* significantly reduced binding of the tested Mediator subunits at telomeres ([Figure 5](#gkr757-F5){ref-type="fig"}E--G). Notably, the binding ratio of Med5 on modified telomere VIIL remains unchanged in *med15Δ* cells, and the reason for that is unclear ([Figure 5](#gkr757-F5){ref-type="fig"}E). These results were highly consistent with telomere silencing status observed in *med20Δ* and *med15Δ* mutants, respectively ([Figure 2](#gkr757-F2){ref-type="fig"}A and B), and led us to propose that the Mediator tail module mediates Mediator--telomere interaction.

Mediator does not affect heterochromatin structure at the *HMR* locus
---------------------------------------------------------------------

In *S. cerevisiae*, the *HM* mating type loci, *HMR* and *HML* locating near the opposite ends of chromosome III, are two well-characterized silent domains ([@gkr757-B69]). A pair of silencers that flanks the *HMR* and *HML* loci respectively serves as a *cis*-element in promoting the heterochromatin structure formation at *HM* loci ([@gkr757-B70],[@gkr757-B71]). For *HMR*, *HMR-E* silencer resides on the left side, and is important for the initiation of Sir proteins binding and silencing at *HMR*, while the other silencer on the right side, the *HMR-I* silencer, is thought to help strengthening silencing ([@gkr757-B72]). We wondered whether Mediator also played a role in the heterochromatin maintenance of *HM* mating type loci. Expression of the endogenous *HMRa1* gene was not increased, but rather slightly reduced in the Mediator mutants ([Figure 6](#gkr757-F6){ref-type="fig"}A). It could be a result of increased silencing or compromised transcription. We examined the expression of *HMRa1* in *sir2Δ medΔ* double mutants, and found out that deletion of Mediator tail-module subunit hardly affects the expression of *HMRa1* when the silencing state is disrupted by *sir2* deletion, and the *med20* deletion slightly reduces the mRNA level ([Figure 6](#gkr757-F6){ref-type="fig"}B). These results suggest that Mediator does not affect the transcription of *HMRa1* when it is not silenced. Figure 6.Mediator does not affect heterochromatin at the *HMR* locus. (**A**) Expression of endogenous *HMRa1* gene was examined. (**B**) Mediator does not affect expression of *HMRa1* in *sir2Δ* strains. (**C**) Schematic diagram of *HMR* region. Primers for ChIP assay were indicated. (**D**) Sir2 binding at *HMR* region in Mediator mutants.

To validate that Mediator may not contribute to the heterochromatin structure at the *HMR* locus, we examined the binding of Sir2 at *HMR* locus in wild-type cells and Mediator mutants. Primers were designed to cover a region from 1 kb upstream to 4 kb downstream of *HMR-E* silencer ([Figure 6](#gkr757-F6){ref-type="fig"}C). In wild-type cells, Sir2 binds abundantly at the *HMR* regions including both the *HMR-E* and *HMR-I* silencers ([Figure 6](#gkr757-F6){ref-type="fig"}D), and this result is consistent with what was previously reported ([@gkr757-B72]). In the Mediator mutants, Sir2 binding at *HMR* regions has no significant change ([Figure 6](#gkr757-F6){ref-type="fig"}D). Thus, Mediator is not involved in heterochromatin maintenance at the *HMR* locus.

DISCUSSION
==========

Mediator has been well studied in transcriptional regulation ([@gkr757-B18],[@gkr757-B73]). In this work, we reported that yeast Mediator is involved in telomere length regulation, and the Mediator tail module is required for the maintenance of the heterochromatin structure of telomeres. Deletion of individual tail subunits causes reduced silencing, likely by disrupting the hypoacetylation state of histone H4K16 established by Sir2. Our work revealed a specific role of Mediator in telomere heterochromatin maintenance, which appears to be different from its canonical function in transcriptional regulation. Recently, a novel role of Mediator was discovered in mammalian cells that links Mediator to epigenetic regulation. In nonneuronal cells, Mediator establishes a repressed state of neuronal genes by facilitating recruitment of the methyl-transferase G9a, which methylates H3K9, in conjunction with the RE1 silencing transcription factor (REST) ([@gkr757-B74]). Therefore, it remains possible that Mediator functions in other cellular process than those that have been disclosed.

Because Mediator is responsible for both basal transcription and regulated transcription by activators or repressors, one may argue that Mediator binds to telomeres to exert its transcriptional function. However, our data do not support this idea. Mediator binds to the regions proximal to telomere sequence ([Figure 5](#gkr757-F5){ref-type="fig"}A and B), where no open reading frames or transcriptional initiation elements exist. Consistent with our results, previous genome-wide ChIP-on-chip analyses show that Mediator binds at telomere region where RNA polymerase II is absent ([@gkr757-B48]). In addition, in the double deletion mutant of *SIR2* and Mediator subunit, the mRNA expression of telomeric *URA3* marker gene was comparable to that of *sir2Δ* cells ([Figure 2](#gkr757-F2){ref-type="fig"}C and D). Thus, Mediator is unlikely to function on telomeres as a traditional transcription regulator.

Mediator participates in both telomere length and structure regulation. How Mediator affects telomere length remains elusive. A simple model would be that Mediator affects telomerase activity to regulate telomere length. However, this model cannot fully explain the shorter telomeres in head- and tail-module mutants and longer telomeres in CDK-module mutants ([Figure 1](#gkr757-F1){ref-type="fig"}A). An alternative model is that the telomere length change is attributed to abnormal telomere structure. Several lines of evidence seem to support this model. Deletion of Sir3 or Sir4 causes telomere heterochromatin collapse and telomere length shrinking ([@gkr757-B40],[@gkr757-B75]). In the histone H4K12R mutant, the over-condensation of telomere heterochromatin affects telomere replication, and results in shorter telomeres, and this defect is rescued by *SIR2* deletion ([@gkr757-B76]). In the mutants of the Mediator tail module, telomere-associated Sir proteins are dramatically reduced, and accordingly telomeres are shorter ([Figure 1](#gkr757-F1){ref-type="fig"}A, [3](#gkr757-F3){ref-type="fig"}E, [4](#gkr757-F4){ref-type="fig"} and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr757/DC1)). Therefore, it is tempting to speculate that deletion of Mediator tail subunits reduces Sir proteins' binding at telomeres and the disrupted heterochromatin structure causes telomere shortening, although this notion calls for more and further evidence to support.

The tail module of Mediator is the only module that appears to be required for telomere silencing. Paradoxically, the subunits of the other modules also show telomeric binding as the tail module. We could not tell whether Mediator functions on telomeres as a whole complex or the tail module acts as an independent sub-complex. ChIP assay shows that deletion of the head subunit Med20 does not affect telomeric binding of the middle or tail module, while deletion of tail subunit Med15 dissociates the tested Mediator subunits from telomeres ([Figure 5](#gkr757-F5){ref-type="fig"}E--G). Consistently, the *med20Δ* mutant has no silencing defect while the *med15Δ* mutant displays significantly reduced silencing ([Figure 2](#gkr757-F2){ref-type="fig"}A and B). Therefore, we favor the argument that the tail-module functions as a 'sub-complex' on telomeres. In other words, the tail module *per se* directly contributes to the maintenance of telomere structure, although it recruits the other modules to telomeres through module--module interactions.

Our results show that Mediator is associated with telomeres in the absence of Sir or Rap1. Very recently, it was reported by Zhu *et al*. ([@gkr757-B77]) that Mediator could bind to histone tail peptides and the Mediator--H4 histone peptide interaction is specifically inhibited by acetylation of H4K16. These results suggest that histone may be the key factor responsible for the recruitment of Mediator to telomeres. Besides, when our work is undergoing, another work by Zhu *et al*. ([@gkr757-B78]) coincidently pointed out that purified Mediator complex could compete with Sir3 for binding to nucleosomes *in vitro*, suggesting that Mediator interacts with chromatin directly. Consistent with our results, Zhu *et al*. ([@gkr757-B78]) showed that Mediator affects telomere silencing and cellular life span. They found that deletion of Med5, a subunit residing at the junction between the middle and tail module, could change the balance between Sir2 and Sas2 proteins at telomere X element, and then cause increased H4K16 acetylation near telomeres and derepression of subtelomeric genes. In our work, we focused on the tail module and observed similar phenotypes in the tail mutants to that of *med5Δ* mutant reported in their work. However, we did not observe a significant reduction of telomere silencing in *med5Δ* mutant by 5-FOA assay or qRT-PCR ([Figure 2](#gkr757-F2){ref-type="fig"}A and B). We examined TPE in YPH499 strain background, and deletion of *MED5* has little effect either (data not shown). We could not fully explain this discrepancy. Perhaps it was due to the different locus of *URA3* marker gene inserted in telomere VIIL. The modified telomere VIIL utilized in our work lacks the subtelomeric X and Y′ elements. Deletion of Mediator tail module significantly reduced Sir2 binding at this telomere ([Figure 3](#gkr757-F3){ref-type="fig"}E). At the natural telomeres, including the unmodified VIIL, VIR and IIIR that contain the subtelomeric X elements, Mediator tail module appears to function in the same way ([Figure 4](#gkr757-F4){ref-type="fig"}A--C). Thus, we propose that Mediator tail module functions on telomeres independently of either the X or the Y′ elements.
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